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CONTINUGUS PROCESS FOR CONVERTING
NATURAL GAS TO LIQUID HYDROCARBONS

FIELI> OF THE INVENTION .
{8601) This invention generally reintes 1o carbon-carbon coupling and, more particularty,

to methods for converting hydrocarbon feedstocks into useful producis.

BACKGROUND OF THE INVENTION

[o862] Scientists bave long sought efficient ways to convert methane and other
hydrocarbons into longer chain hydrocarbons, olefins, aromatic hydrocarbons, and other
products. CH bond activation has been the focus of intense research for decades, with mixed
results. More efficient processes could ereate value in a number of ways, including
facilitating the utilization of remotely located hydrocarbon feedstocks (such as stranded
natural gas) through conversion into more easily transporteble and useful fuels and
feadatocks, and allowing the use of inexpensive feedstocks (e.g., methane and other light
hydrocarbons) for ead products often made from higher hydrocarbons.

[8063) 1.5, 6,525,230 discloses methods of converting alkanes to other compounds using
a "zone reactor” comprised of 8 hollow, unsegregated interior defining first, second, and third
zones. Oxygen reacts with metal bromide in the first zone to provide bromine; bromine
reacts with the alkane in the second zone to form alkyl bromide and hydrogen bromide; and
the alicyl bromide reacts with metal oxide in the third zone to form the corresponding product.
In one embodiment, the fiow of gases through the reactor is reversed to convert the metal
oxide back to metal bromide and to corvert the metal] bromide back to the metal oxide. The

reactor is essentislly operated in a cyvclic mode.,

{66043 U.8. 6,452,058 discloses an oxidati*;'e: halogenation process for producing alkyl
halides from an alkane, hydrogen halide, and, preferably, oxygen, using a rare earth halide or
oxyhalide catalyst. The alternative of using rsolecular halogen is also mentioned. Other
patents, such as U.S. 3,172,915, 3,657,367, 4,769,304, and 4,795,843, disclose the use of
metal halide catalysts for oxidaiive halogenation of alkanes. Oxidative halogenetion,
however, has several disadvantages, including the production of perhalogenated products and
an unaccepiable quantity of deep oxidation products (CO and COy).

[o003] Three published U1.8. patent applications, Pub. Nos, 2005/0234276,
Z003/0234277, and 2006/0100469 (each to Waycuilis), describe bromine-based processes for
converting gascous alkanes to liquid hydrocarbons. Several basic steps are described,
inciuding (1) reacting bromine with alkanes to produce alkyl bromides and hydrobromic acid
(bromination), {2) reacting the alky] bromide and hydrobromic acid product with a erystailine
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alumino-silicate catalyst to form higher molecular weight hydrocarbons and hydrobromic
acid {coupling), (3) neutralizing the hydrobromic acid by reaction with an agueous sclution of
partially oxidized metal bromide salis {as meta! oxides/oxybromides/bromides) to produce a
roetal bromide salt and water in an aqueous solution, or by reaction of the hydrobromic acid
with air over & metal bromids catelyst, and (4) regenerating brorpine by resction of the metal
bromide salt with oxygen o vield bromine and an oxidized salt. Potential drawbacks of the
processes include low methane conversions; short space-times and the resuliing potential for
tess than 100% bromine conversion; wasteful overbromination of ethane, propane, and higher
alkanes, resulting in the formation of dibwomomethane and other polybrominated atkanes,
which will likely form coke under the disclosed reaction conditions; comparatively low alkyl
bremide conversions; the need to separate the hydrocarbon product stream from an agueous
hydrohalic acid stream; and inadequate capture of helogen during the regeneration of the
catalyst to remove halogen-containing coke. In addition, the proposed venting of this
bromine-containing stream is both econemically and environmentally unacceptable.

[6008] The Waycuilis process also apparently requires operation af relatively low
temperatures to prevent significant selectivity to methane. The likely result would be

. incomplete conversion of alkyl bromide species and, because the described process relies on

stream splitting to recover products, a considerable amount of unconverted alkyl bromides
would Likely leave the process with the products, This represents an unaceeptable loss of
bromine (as unconverted methy] bromide) and a reduced carbon efficiency.

{6007} The neutralization of hydrobromic acid by reaction with an aguecus solution of
partially oxidized metal hromide salts and subsequent reaction of the metal bromide salis
formed with oxygen to vield bromine and an oxidized salt, ag disclosed by Wayeuilis, also
has a mumber of disadvantages. First, any carbon dioxide present will form carbonates in the
shuery, which will not be regenerable. Second, the maximum temperature ig Himited due to
pressure increases which are intolerable above approximately 200 °C, thus preventing
complete recovery of halogen. Third, although the use of redox-active metal oxides (o.g.,
oxides of V, Cr, Mn, Fe, Co, Ce, and Cu} will contribute to molecular bromine formation
during the neutralization of hydrobromic acid, incompiete HBr conversion due to the useof a
solid bromide salt will in turn regndt in a significant loss of bromine from the system (in the
water phase). Provided an excess of air was used, the bromide sall might eventually be
converted fo the oxide form, stopping any further Joss of HBr in the water discard.

{0008] To separate water from bromine, Waveuilis discleses the use of condensation and
phase separation to produce semi-dry liquid bromine and a water/bromine mixture. Gther
means for separating water from bromine, such as using an inert gas to sirip the bromine from
the water phase or using adsorpiion-based methods have also been proposed by others;
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however, such methods are minimally effective and result in a significant overall loss of

halogen.

[0609] The prior art oxychlorination process first removes the water from HCI (a costly
step) and then reacts the HCI with oxygen and hydrocarbon directly. Oxychlorination
processes rely on the separation of HCI from the unreacted alkanes and higher hydrocarbon
products by using water absorption, and subsequent recovery of anhydrous HCl from the
aqueous hydrochloric acid. U.S. Pat. No. 2,220,570 discloses a process and apparatus for the
absorption of HCI in water where the heat of absorption is dissipated by contacting the HCI
gas with ambient air, and also by the vaporization of water. A process for producing aqueous
hydrochioric acid with a concentration of at least 35.5 wt% by absorbing gascous HCI in
water is disclosed in U.S. Pat. No. 4,488,884, U.S. Pat. No. 3,779,870 teaches a process for
the recovery of anhydrous HCI gas by extractive distillation using a chloride salt. U.S. Pat.
No. 4,259,309 teaches a method for producing gaseous HC from dilute aqueous HCI using

an amine fogether with an inert water-immiscible solvent,

[0010] Although researchers have made some progress in the search for more efficient
CH bond activation pathways for converting natural gas and other hydrocarbon feedstocks
mto fuels and other products, there remains a tremendous need for a continuous,

economically viable, and more efficient process.

SUMMARY

{0011] In one embodiment of the present disclosure, a continuous process for comverting methane,

natural gas, and other hydrocarbon feedstocks into one or more higher hydrocarbons or olefins is provided.

In one embodiment of the present disclosure, the process includes the steps of

alkane halogenation, "reproportionation" of polyhalogenated compounds to increase the
amount of monohalides that are formed, oligomerization (C-C coupling) of alkyl halides (and
optionally, olefins) to form higher carbon number products, separation of products from
hydrogen halide, continuous regeneration of halogen, and separation and recovery of

molecular halogen from water.

{6012] The present disclosure exploits the discovery that, following consumption of substantially

all of the molecular halogen in an alkane halogenation reactor, polyhalogenated hydrocarbons
that are formed can be reacted with unhalogenated alkanes to improve the overall yieid of
monohalides, which react in later process steps more efficiently -- and form more desirable
products -- than polyhalogenated species. After the initial alkane halogenation reaction,
which consumes substantially all of the molecular halogen, additional halogenation is
accomplished by transfer of halogen from polyhalogenated alkanes to unhalogenated alkanes,

thereby reducing carbon loss and coke formation. For example, dibromomethane can be



10

15

20

30

reproportionated with methane to form methyl bromide, and dibromomethane can be
reproportionated with ethane or propane to form ethyl bromide and ethylene and/or propyl
bromide and propylene. Although not bound by theory, it is believed that, in some
embodiments, monohalide enrichment also proceeds via olefin formation followed by
reaction with polyhalogenated alkanes. In some embodiments, reproportionation is facilitated

by a catalyst.

[0013]  The present disclosure provides a number of unique subprocesses, improvements, and

advantages, including reproportionation of polyhalides; recovery of halogen released during
the requisite coke burn off; continuous regeneration of molecular halogen through the
reaction of hydrogen halide and oxygen over a catalyst (allowing the overall process to
operate continuously); and use of carefully selected anti-corrosion materials to address the
inherently corrostve nature of the halogen-based process (allowing the process to be practiced
commercially); and use of appropriate, reliable catalysts for long-term halogen generation.
The bromination reactor can be operated adiabatically and over a wide temperature range.
Carbon dioxide and water are easily tolerated, as are trace hydrocarbon impurities. Carbon
loss due to coke formation is minimized by design by preferentially reacting monohalides
over a coupling catalyst such as a zeolite or other reactive metal-oxygen material. Complete

recovery of halogen for reuse is also an important advantage of the present disclosure.

[0613a] In an aspect, there is provided a method comprising: providing a halogen stream;
providing a first alkane stream; reacting at least a portion of the halogen stream with at least a
portion of the first alkane stream to form a halogenated stream, wherein the halogenated
stream comprises alkyl monohalides, alkyl polyhalides, and a hydrogen halide; providing a
second alkane stream; reacting af least a portion of the second alkane stream with at least a
portion of the alkyl polyhalides to create at least some additional alkyl monochalides; and
contacting at least some of the alkyl monohalides and at least some of the additional alkyl
monohalides with a catalyst to form a product stream that comprises higher hydrocarbons and

hydrogen halide.

[0013b] In another aspect, there is provided a system for forming hydrocarbons
comprising: a halogenation reactor, wherein the halogenation reactor receives a quantity of
halide and a first quantity of alkane and produces a halogenated product, the halogenated
product comprising an alkyl monohalide product and an alkyl polyhalide product; a
reproportionation reactor, wherein the reproportionation reactor receives the halogenated

product and a second quantity of alkane and produces at least some additional alkyl
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monohalide product .and a quantity of hydrogen halide; and an oligomerization reactor
comprising a catalyst, wherein the oligomerization reactor receives the alkyl monohalide
product and the additional alkyl monochalide product and produces a quantity of hydrocarbon

product and a second quantity of hydrogen halide,

[0013c] In yet another aspect, there is provided a method comprising: providing an
alkyl halide stream comprising alkyl monohalides, alkyl polyhalides, and a hydrogen halide;
providing a first alkane stream; reacting at least a portion of the first alkane stream with at
least a portion of the alkyl halide stream to create at least some additional alkyl monohalides;
contacting at least some of the alkyl monohalides and at least some of the additional alkyl
monohalides with a catalyst to form a product stream that comprises higher hydrocarbons,
hydrogen halide, and any unreacted portion of the first alkane stream; separating the
unreacted portion of the first alkane stream from the product stream; providing a halogen
stream; and reacting at least some of the unreacted portion of the first alkane stream separated

from the product stream with the halogen to form the alkyl halide stream.

[0014] These discoveries, integrated into an overall process, are the basis for the
invention and offer a true advance for such applications as the conversion of natural gas to
liquid fuels (including gasoline and gasoline additives) and chemicals (including aromatics,

such as benzene, xylene, and toluene, and light olefins, such as ethylene and propylene).

BRIEF DESCRIPTION OF THE DRAWINGS
[66G15] FIG. 1 1s a schematic view of one embodiment of a continuous process for

converting methane or natural gas into hydrocarbon chemicals according to the invention;

[0016] FIG. 2 is a schematic view of one embodiment of a continuous process for

converting methane or natural gas into hydrocarbon fuels according to the invention;

[6017} FIG. 3 is a schematic view of a subprocess for reproportionating polyhalides

according to an alternate embodiment of the invention;

[6018] FIG. 4 is a schematic view of one embodiment of a monobromide separation

column, for use in the practice of the invention;

[0619] FIG. 5 is a schematic view of one embodiment of an extractive distillation system,

for use in the practice of the invention

-4a-
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fog20] FIG. 6 is a simplified block diagram of orie embodiment of a continuous process
for converting alkanes into hydrocarbon products according to the invention, wherein water is
separaied from hydrocarbon products,

16021 FIG. 7 is a simplified block diagram of one embodiment of 2 continzouns process
for converting alkanes into hydrocarbon products according to the invention, wherein water i3
separated afier the altane bromioation step;

[OG22] FIG. B is a graph of brommobenzene conversion and benzene yield as a function of

time, for an experiment conducted according to one embodiment of the inventiown: and

j0023] FIG. 9 is a graph of catalyst offectiveness as a fanction of tire, for an experiment

conducted according to one embodiment of the invention.
DETALED DESCRIPTION

fonzdf The present invention provides a chemical process that enables natural gas and
other hydrocarbon feedstocks to be converted into higher meolecular weight hydrocarbon
products, using molecnlar halogen to activate C-H bonds in the feedsinck, Acsording to one
aspect of the invention, a continnous process for converting 2 hydrocarbon feedstock into oue
or more higher kydrocarbons comprises the steps of (2) forming alkyl halides by reacting
molecular halogen with a hydrocarbon feedstock (preferably a feedstock containing
methane), mder process conditions sufficient o form alky! halides and hydrogen halide,
whereby substantially all of the moleculer halogen is consumed; (b) forming reproportionated
alkyl halides by reacting some or all of the afkyl halides with an alkane feed, whereby the
fraction of monohslogenaied hydrocarbons present is increased; (¢} contacting the
reproportionated alkyl halides with a first catalyst under process conditions sufficient to form
higher hydrocarbons and additional hydrogen halide; {(d) separating the higher hydrocarbons
from the bydrogen halide; (¢) regenerating molecular halogen by contacting the hydrogen
halide with a second catalyst in the presence of a source of oxygen, under process conditions
sufficient to form molecular halogen and water; (f) separating the molecular halogen from
water to allow reuse of the halogen; and (g) repeating steps {a) through (f) a desired number
of times. These steps can be carried out in the order presented or, zernatively, in a different

order,

16025] According to a second aspect of the Invention, a continuous process for converting
a hydrocarbon feedstock into one or more higher hydrocarbons comprises the stens of (a)
forming alkyl halides by reacting molecular halogen with a hydrocarbon feedstock containing
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methane in 2 halogenation reactor, under process conditions sufficient to form alkyl halides
and hydrogen halide, whereby substantially all of the molecular halogen is consumned; (b)
separating unreacied methane from the alicoy! halides and directing it back into the
halogenation reactor; {c} forming reproportionated alloyl halides by reacting some or ail of the
alicyl halides with an afkane feed containing at lesst 1% by volume of one or more C2-C5
hydrocarbons, whereby the fraction of monohalogenated hydrocarbons present is increased;
{d) contacting the reproportionated alicyl halides with & first catalvst under process conditions
sufficient to form higher hydrocarbons and additional hydrogen halide; {(e) separating the
higher hydrocarbons from the rydrogen halide; (f) regensrating molecular halogen by
contacting the hydrogen halide with a second catalyst in the presence of a source of oxygen,
under process conditions sufficient to form molecular halogen and water; (g) separating the
molecular halogen from water to allow reuse of the halogen; and () repeating steps (a)
through (g) 2 desired number of {imes,

10528] In each of the aspeoots and embodimenis of the invention, it is intended that the
alkcyl halides formed in step (3) can be all the same {e.g., 100% bromomethane) or, more
typically, different (e.g., mixtures of bromomethane, dibromomethane, dibromoethane, ete),
Simnilexly, it is contemplated that the "higher hydrocarbons™ formed in step (c) can be al! the
same (e.g., 100% iscoctane)} or, more typically, different (e.g., mixtures of aliphatic and/or
aromatic compannds). As used herein, the term "higher hydrocarbons” refers to
hydrocarbons having a preater nurnber of carbon atoms than one or more components of the
hydrocarbon feedstock, as well as olefinic hydrocarbons having the smme or & greater number
of carbon atoms as one or more componsnts of the hydrocarbon feedstock. For instance, if
the feedstock ie natural gas —-typically a mixture of light hydrocarbons, predominately
maethane, with lesser amounts of ethane, propane, and butane, and even smaller amounts of
ionger chain hydrocarbons such as pentane, hexans, etc. -- the "higher hydrocarbon(s)”
produced according to the invention can include 2 C; or higher hydrocarben, such as ethane,
propane, bulane, Cy+ hydrocarbons, aromaiic hydrocarbons, eto., and optionally ethylens,
propylene, and/or longer olefins The term "light hydrocarbons® {sometimes abbreviated
“LHCe") rafers to C,-Cy hydrocarbons, e.g., methane, ethane, propane, ethylene, propviene,
butanes, and butenes, all of which are normally gases at room temperatyre and atmospheric

pressure,

FOOZT] Nontimiting examples of hydrocarbon feedstocks appropriate for use in the
present invention inciude alkanes, e.g., methane, ethane, propane, and even larger alkanes:
olefing; natural gas and other mixtures of hydrocarbong. It most cases, the feedstock will be
primarily aliphatic in nature. Certain oil refinery processes yield light hydrocarbon streams
(zo-calied "lght-ends,” typically a mixnwe of C; - & hydrocarbons), which can be nsed wiils
or without added methans as the hvdrocarbon feedstock in one embodiment of the invention,

'
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3R] Reprosentative halogens inclode bromine (Erz) and chlorine {Chy}). &t is also
sontemplated that finorine and iodine can be used, though not necessarily with equivalent
results. Some of the problems associated with fluorine can ikely be addressed by ﬁsing
dilute strearns of fluorine (e.g., fluorine gas carried by helium, nitrogen, or other diluent). It
is expecied, however, that more vigoyous reaction conditions will be required for alicyl
finorides to couple and form higher hydrecarbons, due to the strength of the fluorine-carbon
bond. Similarly, problems associated with iodine (such as the endothermic nature of certain
iodine reactions) can Hkely be addressed by carrying out the halogenaton and/or coupling
reactions at higher temperatures and/or pressurves. The use of bromine or chlorine is
preferred, with bromine being most preferred.

00251 FIGS. 1 and 2 schematically illusirate two nonlimiting embodiments of a process
acoording to the invention, with FIG, 1 depicting a process for making hydrocarbon
cherdosls (e.g., benzens, toluene, wvlenes, other aromatic compounds, ete.), and FIG. 2
depicting a process for making fuel-grade hydrocarbons, e.g., bydrocarbons comprising a
predominant amount of Cs and higher aliphatic hydrocarbons and (optionally) aromatic
bydrocarbons, The primary difference in the two embodiments is that the process depicted in
Fi(x 2 lacks the first separation unit (SEF 1) and does not return polvbrominsied species w
the bromination reastor for "repropartionation.” In the scheme shown in FIG. 2, the amount
of polybromides produced is reduoed significantly by introducing Hght gasses into the
bromination reactor. The polybromides (from methane bromination) react with the light
gasges to form monobromoalkanes, For convenience, the fignres depiet a bromine-based
procese. In alternate embodiments of the inventon, however, chlorine or other halogens are

used,

G030} As shown in FIG. 1, natural gas (or another hyvdrogarbon feedstock) and molecular
bromine are carnied by separate lines 1, 2 into a heated bromination reactor 3 and allowed to
reast. Products (HBr, alkyl bromides, optionally olefins}, and possibly unreactad
hydrocarbons, exit the reactor and are carried by 2 line 4 into o first separation unit 5 (SEP 1),
where monobrominated hydrocarbons and HBr are separated from polybrominated
hydrocarbons., The polybromides are carvied by a line 6 back to the bromdnation reactor,
where they undergo "reproportionation™ with methane and/or other light hydrocarbons, which
are present in the natural gas and/or infreduced to the brominetion reactor as deseribed below,

{0031} Reproportionation of the polybromides formed during the bromination reaction
enriches the outlet stream with monobromides and olefinic species, and reduces the amount
of polybrominated hydrocarbons that enter the coupling resctor. This, in furp, reduces the
amount of coke that forms during the cerbon-carbon coupling rescfions. For large seale
production of aromatic hvdrocarbons, it is possibie to employ additional separation units,
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which can further purify the feed stream fo the coupling reactor by separating and recycling
the polybromides, thereby reducing the amount of coke and the overall bromine requirement.

FOD3EY Enreacted hydrocarbon feedstock, HBr, monobromides, and (optionally) olefins
formed in the brominstion reactor are camied by a ine 7, through g heat exchanger §, and
snter 2 heated coupling reactor 9, where the monobromides (and, opiionally, any olefing
present) react in the presence of 8 coupling catalyst to form higher hydrocarbons. HBr,
higher hydrocathons, and '(possibiy) unreacted hydrocarbons and alky! bromides exit the
coupling reactor and are carried by a line 18, through another heat exchanger 11, and enter an
HBr absorption unit 12, Water is introduced into the wnit through a separate line 13, HBr is
sbsorbed in this unit, which may be a packed column or other gas-liquid contacting device.
The effluent, containing liguid hydrocarbony and aqueous HEr, is carried by aline Id to a
liquid-liquid eplitter 15, which phase-separates Hauid hydrocarbons from the aquecus HBr
sirearn. The Baguid hydrocarbon products are then carried by 2 line 16 to a produet clean-up
unit 17 to yield finsl bydrocarbor products.

[0033] After HBr is separated fom the hydrocarbon products and unreacted methane
{and any other light hydrocarbons hat may be present} in the HBr absorption unit, the
methane (and other light hydrocarbons, if any) is carried by a line 18 Inio a second separation
unit % (SEP I, which empioys pressure- or temperatere-swing adsorption, membrane-based
separation, cryogenic distillation (preferable for large scale production), or another suitable
separation technology. Methane, ang possibly other [ight hydrocarbons, are returned to the
brominetion reactor via one or mors lines 20, 21, In the embodiment shown, methane is
directed to mi upstresm region or "zone” of the bromination reactor, while other Hght
hvdrocarbons are directed to a mid- or downsiveam zone of the reactor (the latter to facilitate
reproportionation of polybromides),

{6034} The aqueous HBr stream that evolves from the lguid-liquid splifier is carried by 2
line X2 to a bromine generation unit 23. Oxygen, air, or oxygen-enriched gas is also fed into
the unit through 2 separate line 24, Bromine is regenerated by reacting HBr with oxygen in
the presence of a suitable catalyst. The resulting stresan contains water, molecular bromyine,
oxygen, nitrogen (if air wag used as the source of oxygen}, and possibly other gases. This
product stream is carried by a line 28 through a heat exchanger 26 into a flash vaporization
unit 27, which separstes most of the molecular bromine from water, oxygen, nitrogen, and
other gases (if any) that are present. Molecular bromine, either as a lignid or vapor (and
cuntaining no more than a trace of H20}, is carried by a line 28 to a heat exchanger 29, and
then returned o the bromination reactor.
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[00325] Water from the flash vaporization unit (containing up to 3 wi% of molesular
bromineg} is zent by a line 30 to & dstillation vt 33, which yields water as the bottoms
stream end bromine or bromine-water azeotrope as a distillate The distillate is retmed
through a Hne 32 back to the flash vaporization unsit.

fOD36]1 The gasecus products of the flash veporization unit {e.g., oxXygen, nitrogen,
optionally other gases, and no more than a minor or trace arnount of bromine) are carried by a
line 33 o a bromine scavenging vnit 34, which separates molecular bromine fom the other
gases, The recovered bromine is thon carried by a line 35 throuph & heat sxchanger 28 and
reiniroduced into the bromination reactor. The amount of bromine entering the scavenger can
be further reduced by increasing the amount of bromine recovered in the flash step by
employing brine sclutions and direct contact cooling to allow the use of emperatures below
0° Centigrade. The other gases {e.g2., nifrogen, oxygen) can be vented to the ammosphere,

08371 Verious embodiments and features of individual subprocesses and other
improvements fbr carrying out the invention will now be described in more detail.

[0038]) Bromipstion

o603y Bromination of the hydrocarbon feedstock is carried out in a fixed bed, fluidized
bed, or other suitable reactor, at & temoperatiure and pressure such that the bromination
products and reactants are gases, for example, 1-50 atm, 150-600 °C, more prefersbly 400-
600 °C, even mors preferably, 450-515 °C, with a residence time of 1-60 seconds, mors
preferably 1-15 seconds, Higher temperatures tend to favor coke formation, while low
temperatures requive larger regetors. Using 2 Suidized bed offers the advantage of improved
heat fransfer.

1G040] Allcane bromination can be initiated using heat or light, with thermal means being
preferred. In one embodiment, the reacior also contains 2 halogenation catalyst, suech as &
zenlite, amorphous glimino-silicate, acidic zirvonia, tungstates, solid phosphoric acids, metal
oxides, mixed metal oxides, metal halides, mixed metal halides (the metal in such cases
being, e.g., nickel, copper, cerium, cobalt, ete.}, andfor or other catalysts as described, e.g., in
U.5. 3,935 289 and 4,971,664, In an alternate embodiment, the reactor containg a porous or
non-porcus inert material that provides sufficient surface area jo retain coke formed in the
reactor and prevent it from escaping. The inert material may also promote the fonmation of
polybalogenated hydrocarbous, such as tribromopropane. In still another embodiment, both 2
catalyst and an inert material are provided in the reactor. Optionally, the resctor contains
different regions or zones 1o allow, in or more zones, complets conversion of molecular
bromine {6 produce alkyl bromides and hydrogen bromde,
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(G041 ] The bromination reaction can also be carried out in the presence of an
isomerization catalyst, such as a metal bromide (e.g., NaBr, KBr, Culir, NiBry, MgBrog,
CaBry,), metal oxide (.5., $i0y, Zr0s, AlpOs,), or metal (B, Pd, Re, Iz, Rhjto help generate
the desived brominated isomer(s). Since isomerization and brominstion conditions are
zimiler, the bromination and isomerization can be cerried out in the szme reactor vassel.
Alternatively, a separate isornerization reactor can be utilized, located downstream of the
bromination rescior and upstream of the coupling reactor.

{604Z] Reproportionation

(0043 in sotng embodiments, a key feature of the invention is the "reproportionation” of
polyhalogenated hydrocarbons (polyhalides), i.e., halogenated hydrocarbons containing two
or more halogen atoms per rrolecule. Monohalogenated alkanes (monchalides) created
during the halogenation reaction are desirable as predominant reactant species for subsequent
coupling reactions and formation of higher molecular weight hydrocarbons. For certain
progduct selectivities, polyhalogenated alkanes may be desirable. Reproportionation allows a
desired enrichment of monohalides to be achieved by reacting polyhalogensted alkyl halides
with nonhalegenated alkanes, generally in the substantial sbeence of molecular halogens, to
control the ratic of mono-to-polyhalogenated species. For example, dibromomethane is
reacted with methane to produce methyl bromide; dibromomethane is reacted with propane to
produce methyl bromide and propy! bromide and/or propylene; and so forh,

fonds] Reactive repropartionation is sccomplished by allowing the hydrocarbon
feedstock sndfor recycled alkanes fo react with polyhalogenated species from the
halogenation reactor, preferably in the substantial absence of molecular halogen. Asa
practical matter, substantially all of the molecular halogen entering the halogenation reactor
is guickly consumed, forming mono- and polyhalides; therefore reproportionation of higher
bromides can be accomplished simply by introducing polybromides into 2 mid- or
downstream region or "zone” of the halogenation reactor, optionally heated fo 2 temperahire
that differs from the temperature of the rest of the reactor.

[G6045] Alternatively, reproportionation can be carried out i a separate "reproportionation
reactor,” where polyhalides and unhalogenatated alkanes are allowed to react, preferably in
the substantial absence of molecular halogen. FIG. 3 illustrates one such embodiment where,
for clarity, only significant systern elements are shown, As in FIG. 1, natural gas or another
hydrocarbon feedstock and molecular bromine are carried by separate lnes 1, 2 to a heated
bromination reactor 3 and allowed to react. Products (HBr, alicyl bromides) and possibly
unreacted bydmoarbons, exit the reactor and are carried by a line 4 info 2 first separation unit
5 (SEP 1), where monobrominated hydrocarbons and HBr are separated from polybrominated

~10-
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hydrocarbons. The monobromides, HBr, and possibly unrescted hydrocarbons ave camried by
aline 7, through a heat exchanger 8, to a coupling reactor 9, and allowed to react, as shown in
FIG. 1. The polybromides are cairied by = line 6 o 2 reproporfionation reactor 36.

Additional natural gas or other alkane feedstock is also introduced into the reproportionation
reactor, via a line 37. Polybromides react with unbrorninated alkanes in the reproportionation
reactor to form monobromides, which are carried by a line 38 to the coupling reactor 9, after
first passing through s heat exchenger.

100463 In another embodiment of the invention (not shown), where the hydrocarbon
feedstock cornprises natural gas containing a considerable amount of C2 and higher
hydrocarbons, the “fresh” natural gas feed ig introduced divectly into the reproportionation
reactor, and recycied methane (which passes through the reproportionation reactor
unconverted) is carried back into the halogenation reactor.

(06471 Reproportionation is thermally driven andfor facllitated by use of & catalyst.
Nonlimiting examples of suitable catalvsts include metal oxides, metal hatides, and zeolites.
L8, 4,654,440 dizcloses the reproportionation of polvhalogenated alkanes with alkanes using
an acidic zeolite catalyst. 1LS. 2,973,541 and 3,026,361 disclose the nss of carbon
tetrachloride as a chiorinating agent for methane, sthane, propane and their chlorinated
snziogues. All three patents are incorporated by refersnos hersin in their entirety. Using
reproportionation in the context of a continuous process for the enrichment of reactve feed
stocks for the production of higher hydrocarboos has never been disclosed (o our knowledge.

{1k Reproporiionation of C1-C5 alkanes with dibromomethane andfor other
polybromides occurs af temperatures ranging from 350 to 550 °C, with the optimal
temperature depending on the polybromide(s) that are present and the alkane(s) being
brominated. In addition, repraportionation procesds more quickly at elevated pressures (e.g.,
2-30 bary, By achieving a high initial methane conversion in the halogenation reactor,
substantial amouwnis of di- and trbromomethane are created; those spocies can then be used ag
bromination reagents in the repropostionation step, Using di- and wibromomethane allows
for controlled bromination of C1-C5 alkanes to monobrominated C1-C5 bromoalkanes and
£2-C5 alefins. Reproportionation of di- and tribromomethane facilitates high initial methane
conversion during bromination, which should reduce the methane recycle fow rate and
enrich the reactant gas stream with CZ-C5 monobromoalkanes and olefing, which couple to
higuid products over & variety of catalysts, inchuding zeolites. This is 2 major new process

advance.

[6448] In ancther emnbodiment of the Invention, reproportionation ig carried out without
first separating the polyhalides in 2 separation unit. This is facititated by packing the
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“reproporiionation zone” with a catalyst, such as a zeoliie, that allows the reaction to ocour at
a reduced temperaturve. For exmmnple, although propane reacts with dibromomethane to form
bromomethane znd bromopropane (an exampls of "reproporfionation™, the reacton does not
oceur to an appreciable degree at temperatures below about 500°C. The use of & zeolite may
allow reproporiionation to oceur at a reduced temperature, enabling species such as methane
and ethane to be brominated in one zone of the reactor, and di-, wi-, and other polybromides
to be reproportionated in ancther zope of the reacior.

[0050] Bromize Recovery Buring Decoling

[8051] inevitably, coke formation will sceur in the halogenation and repropertionation

- processes. If catalysts are used in the reactor(s) or reactor zone(s), the catalysts may be

deactivated by the coke; therefore, periodic removal of the carbonaceous deposits is required.

‘In addition, we have discovered that, within the coke that is formed, bromine may also be

found, and i is highly desirable that this bromine be recoversd in order to minimize loss of
bromine in the everall process, which is important for both sconomic and environmental

ICESOIE,

feos2] Several forms of bromides are present: HBr, orgenic bromides such as methyl
bramide and dibromomethane, and moleculer bromine. The invention provides means for
recovering this bromine from the decoking process. In a preferred cmbodiment, & given

_ rezctor is switched off-line and it or oxygen is introduced to combust the carbon deposits

and produce HBr from the residual bromine residues. The offluent gas is added to the air (or
oxygen) reactant siream fed to the bromine generation reactor, thereby facilitating complete
bromine recovery. This process is repeated perlodicaliy.

[0053] While a given reactor is off-line, the overall process car, nevertheless, be operated
without interraption by using a reserve reactor, which is arranged in paraliel with its
countexpart reactor. For example, twin bromination reactors and twin coupling reactors can
be viilized, with process gasses being diverted away fom one, but not both, bromination
reactors {or conpling reactors) when a decoking operation is desired. The use of a fiuidized
bed may reduce poke formation and facilitate the removal of heat and catalyst regeneration,

{00541 Another embodimnent of the decoking process invelves non-oxidative decoking
using an alkane or mixture of alkanes, which may reduce both the loss of adsorbed products
and the oxygen requirement of the process. In another embodiment of the decoking process,
an oxidant such as oxygen, air, or enriched air is co-fed into the bromination section o
convert the coke into carbon dioxide und/or carbon monoxide during the bromination
reaction, thus eliminating or reducing the off-line decoking requirement.
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15055] Alkvi halide Separation

[0056]  The presence of large concentrations of polyhelogenated species in the feed to the
coupling reactor can result in an increase in coke formation. In many applications, such a8
the producion of aromatics and light olefins, it is desivable to foed only monochalides to th
coupling rezcior to improve the conversion to products. In one embodiment of the invention,
8 specific separation step iv added between the halogeneton/reproportionation reactar(s) and

the coupling reactor.

[6857] Far example, a distiliation column and associated heat exchangers ("SEP I" in
FIGS. 1 snd 2) can bo used (o separate the moncbromides from the polybrominated speciss
by utilizing the large difference in boiling points of the compounds. The polybrominated
species that are recovercd as the bottoms stream can be reproportionated with alkanes to form
moncbromide species and olefins, either in the bromination reactor or in a separate
reproportienstion reactor. The distillation column can be operated at any pressure of from §
to 50 bar. The higher pressures allow higher condenser témperaturas 1o be used, thereby
reducing the refrigeration requirement.

[oese; FIG. 4 illustrates one embodiment of 2 separation unit for separating
monobromides fom pelybrominated species. Alkyl bromides from the brominstion reactor
are cocled by passing through a heat exchanger 30, and ther provided to 2 distillation column
51 equipped with two heat exchangers 52 and 53, At the botiom of the colurmn, hest
exchanger 32 acts as 2 reboiler, while atf the top of the column heat exchanger 83 acts an a
partial condenser. This configuration allows 2 liguid "bottoms" enriched in polybromides
(and containing no more than a minor amount of monobrorides) io be withdrawn from the
distillation column. The polybromides are passed through another heat exchanger 54 to
convert them back to & gas before they are returned to the bromination reactor {or sentto a
separate reproportiopation reactor) for reproportionation with unhrominated allcanes. At the
top of the columm, partisl reflux of the Houid from the reflux drum is facilitated by the heat
exchanger 53, yislding a vapor enriched in lighter components including methane and HBr,
and a liquid stream comprised of monobromides and FBr (and containing no more than &
miner amount of polybromides).

(005891  AMemate distillation configurations include a side sfrearn columu with and
without a side stream rectifier or stripper. If the feed from the bromination reactor containg
water, the bottoms stream from the distillation column wiil also contain water, and a liguid-
liguid phase split on the bottoms sireamn can be uged 10 separate water from the
polybrominated species. Due to the presence of HBr in the water stream, i can sither be sent
to a HB7 absorption column or to the bromine generation reacior. '
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[0060] Catalvtic coupling of alkvl balides to hiober muolecniar weishi oroducts

1085%] The alkyl halides produced in the halogenationfreproportionation step ave reacted
over a catalyst to produce higher hydrocarbons and hydrogen halide, The reactant feed can
also contain hydrogen halide and urhalogenated aiksmes from fhe bromination reactor,
According to the invention, any of & number of catalysts are used 1o facilitate the formation
of higher hrydrocarbon products from balogenated hydrocarbons. MNonlimiting examples
include non-crystalline alumine silicates (amorphous sold acids), mngsten/zirconia super
acidy, sulfated zirconia, alomino phosphates such as SAPO-34 and Hs famework-substituied
analogues (substituted with, e.g., Ni or Mn), Zeolites, such as Z3M-5 and its ion-exchanged
analogs, and Hamework substituted ZSM-5 (substituted with Ti, Fe, T + Fe, B, or Ga).
Preferred catalysts for producing liguid-at-reom-temperature hydrocarbons nclade ion-
exchanged ZSM-5 having a Si0./Al0; ratio below 300, preferably below 100, and most
preferably 30 or below. Nonlimiting examples of preferred exchanged ions include ions of
Ag, Ba, Bi, Ca, Fe, Li, Mg, Sr, K, Na, Rh, Mn, Co, Ni, Cu, Bu, Pb, Pd, Pt and Ce. These
fons can be oxchanged as pure salts or as mixtures of salts. The preparation of doped zeolites
and their use as carbon-carbon coupling cataiysts is described in Patent Publication No. US
2005/0171393 AL, at pages 4-53, which is incorporated by reference herein in its entirety.

1030823 In one embodiment of the invention a Mn-exchanged ZSM-3 zeclite having a
8109/ A1LOs ratic of 30 is used as the coupling catalyst. Under certain process conditions, it
can produce a tailored selectivity of liguid hydrocarbon products.

f0063} Coupling of haloalkanes preferably is carried out in a fixed bed, fluidized bed, or
other suitable reactor, at a suitable temperature {(e.g., 150-600 °C, preferably 275-425 *C)
and pressure (e.g., 0.1 to 35 atrn} and a regidence time (1) of from 1-45 seconds. In general, a
relatively long residence time favors conversion of reactants to products, as well as product
seiectivity, while a short residence tims means higher throughput and (possibly) improved
economics. I is pussible to direct product selectivity by changing the catalyst, altering the
reaction temperature, and/or aliering the residence tirne in the reactor. For example, ata
moderate residence time of 10 seconds and a moderate temperature of 330 °C, xylene and
mesitylenes are the predominant components of the aromatic fraction (benzene + tolusne +
xylenss + mesitylenes; "BTXM") produced when the product of & methane bromination
reaction is fed into a conpling reactor packed with a metal-ion-inmregnated ZSM-5 catalyst,
where the impregoation metal is Ag, Ba, Bi, Ca, Co, i, Fe, La, Li, big, Mo, Ni, Pb, P4, or
81, and the ZSM-5 catalyst is Zeolyst CBV 58, 2314, 3024, 5524, or 8014, ( available from
Zeolyst International (Valley Forge, PA)). At aresction tempersture of 425 °C and a
residence time of 40 seconds, tofuene and benzene are the predominat products of the

SRS

BTHEM fraction. Product selectivity cen alse be varied by conpoliing the concentration of
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dibromomethans produced or fed into the coupling resctor. Removal of reaction heat and
continuous decoking and catalyst regeneration using a fluidized bed reactor configuration for
the coupling reactor iz anticipated in soroe facilities.

[0864]  Inone embodiment, the coupling reaction is carried out in a padr of coupling
reactors, arranged in parallel. This allows the overall process to be run continuousty, without
interruption, even if one of the coupling reactors is taken off line for decoking or for seme
other reason. Similar redundancies can be utilized in the bromination, product separation,
halogen generstion, and other units used in the overall process.

[O065E]

100667 The coupling products include higher hydrocarbons and HBr. Tn the embodiments
shown in FIGS. 1 and 2, products that exit the coupling reactor sre first cooled in & heat
exchanger znd then sent to an absorption column. HBr is absorbed in water using a packed
solumn or other contaciing device. Input water and the product stream can be contacted sither
in a co-current or counter-cuvent flow, with the countercurrent flow preforred for its
improved efficiency. HBr absorption can be carried out cither substantially adiabatically or
substantially {sothermally. In one embodiment, the concentration of hydrobromic acid after
absorption ranges from 5 to 70wi%, with & proferred range of 20 to 50wi%. The operating
pressure is 1 to 50 bar, more preferably 1 to 30 bar. In the laboratory, a glass column or
glass-lined column with ceramic or glass packing can be used. In a pilot or commercial piant,
one oy more durable, corrosion-resistant materials (doscribad below? are utilized.

[OG6TS In one embodiment of the invention, the hydrocarbon products are recovercd as a

+ Liquid from the HBr absorption column, This liguid hydrocarbon stream is phase-separated

from the agueous HBr stream using a Liquid-liquid splitter and sent to the product cleanup
unit. In another embodiment, the hydrocarbon products are recovered from the HBr column
85 & gas stream, together with the unconverted methane and other light gases, The products
are then scparated and recovered from the methane and light gases using any of a number of
technigues. Nonlimiting examples include distillation, pressure swing adsorption, and
membrane separation technologies,

[3068] In some embodiments, the product clean-up unit comprises or includes a reactor
for converting halogenated hydrocarbons present in the product stream into unhalogenated
hydrocarbons. For example, under certain condifions, small amounts of C1-C4-
bromoalkanes, bromobenzene, and/or other brominated species are formed and pass from the
coupling reactor (o the lquid-lignid splitter 16 and then to the product clean-up unit 17,
These brominated species can be "hydrodehalogenated” in 2 suitable reacior. In ons
embodiment, such a reactor comprises a continuous fixed bed, catalytic converter packed
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with a supporied metal or metal oxide catalyst, Nonlimiting examples of the active
component include copper, copper oxide, palladivm, and platinum, with palladivm being
preforred. Nonlimiting examples of support materials include astive carbon, aluming, silica,
and zeolites, with aluming being preferred. The reactor is operated at a pressurs of 0-150 psi,
preferably 0-5 pei, and a temperature of 250-400 °C , preferably 300-350 °C, with a GHSV of
1200-60 hr™', preferably ~240 k™. When bromobenzene (e.g.) is passed over such a reactor,
it is readily converted 1o benzens and FBr, with some light yvdrocarbons (e.g,, C3-C7)
produced as byproducts, Although carbon deposition {coking) can deactivate the catalyst, the
catalyst can be regenerated by exposure 1o oxygen and then hydrogen af, .z, 500 °C and 400

=, respectively.

10069 Afier HBr is separated from the hydrocarbon products, the unconverted methane
leaves with the light gases in the vapor cutlet of the BBr absorption umit. In one embodiment
of the invention, unconveried methane is separated fom the light gases in a separation unit
(*SEP II" in the FIGE), which operates using pressurs or temperaturs swing adeorption,
membrane-baged separation, cryogenic distillation (preferable for large-scale production), or
some other suitable separation process. Low methane conversions in the bromination reactor
mey resuit in the coupling products being carnied with the hght gases, which in tum wounid
necessitate the recovery of these species from the lights pases. Separation technologies that
can be employed for this purpost include, but are not Ilimited to, distiflation, pressure or
temperature swing adsorption, end membrane-based technologies,

[6074] I another aspeot of the invention, a pracess for separating achydrous HBEr from
an agueous solution of HEBr is provided. HPBr forms & high-boiling azeotrope with water;
therefore, sepavation of BBr fom the aqueous solubion reguires either breaking the azeoirape
using an extractive agent or bypassing the azeotrope using pressure swing distiflation. FIG. 5
illustrates one smbodiment of an extractive distiliation unit for separating HBr from water.
Water is extracted in a distilation column 200 and HBr is obtained as the distillate stream
281, The distillate streara mayv also contain srmall amounts of water. In one embodiment, the
distillation column 200 is 1 ray-tower or a packed column. Cenventional ceramie packing s
preferred over structured packing. Aqueous bromide sale, such as CaBry, ig added af the top
of the distillation colump, resuliing in the extraction of water from agueous HBr. A
condenser may not be required for the colummn. A reboiler 203 is nsed to maintain the vapor
flow in the distillation column, The diluted stream of aqueous CaBry 267 is sent to the
evaporation section 206, which, optionally has a mayved or packed section. The bottons
stream from the column is heated before entering the evaporation secton. Stream 207
comprising mosily water (and no more then traces of HRBr) leaves the evaporation section.
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{0071) In one embodiment, HBr is displaced as a gas from ifs aguecus solution in the
presence of an elecirolvie that chares a common lon (Br or Horanion (e.g Ca™ or BOY
that has 2 higher hydration energy than HBr. The presence of the electrolyte pushes the
equilibrivmn HBr,, -3 HBig.. fowards gas evolution, which is further facilitated by heating
the solution.

{00723 Agueous solutions of metal bronvides such as CaBry, MpBry also KBr, NaBr,
LiBr, RbBr, CsBr, S1Bry, BaBty, MnBr,, FeBr), Felrs, CoBr;, NiBrz, CuBr,, Z0Br,, CdBry,
A8y, LaByy, YBrs, and BilBis can be used as extractive agents, with agueous solutions of
CaBry, MgBrs, KBr, NaBr, LiBr or mixtures thereof being preferred. The botioms stream of
the distillation column condains a diluted solution of the extracting agent. This stream is sent
to another distillation column or 2 vaporizer where water is evaporated and the extracting
agent ig concentrated before sending it back to the extractive distillation column. Sulfuric
acid can be used 25 an extracting agent if its reaction with HBr to form brontine and sulfis
dioxide zan be minimized, BExperiments carried out to demonstrate the sapér&tion of
anhydrons HBr fom an agueocus solution of HBr are described in Bxample 1 and 2.

196731 In enother aspect of the invention, varipue approaches to product clesn-up
{separation and/or purification} are provided. A number of iwomids species may be present
in the vopwified product stream: FBr, organic bromides such as methyl bromide and
dibromomethane, and bromo-aromatics. In one embodiment of the invention, hydrocarbon
products are separsted from brominated species by pussing the produet stream over copper
metal, NiO, Ca(, Zn0, MgO, Ba(, or combinations thereof, Preforably, the produsts are run
aver one or more of the above-listed materials at a temperature of from 25-600 °C, more
preforably, 400-500 *C, This process is tolerant of CO; that may be present.

[G074) in another embodirment, particularly for large-scale production of hydrocarbons,
unconverted methane is separated from other light hydrocarbons as well as heavier products
{(e.g., benzene, foluene, ete.} using distillation, For example, in FIGS. 1 and 2, methane and
other Hght hydrocarbons exit the absorption column through a gas outlet and are directed to 2
separation unit (SEP. iI). Any unconverted methyl bromide will be removed with the light
gases and can be recycled back to the bromination/reproportionation reactor. Heavier
hydrocarbons are removed as a ligeid distillate.

[8875] Molecular Haloren Ceneration

{0076} In: one embodiment of the invention, catalytic halogen generation is carried out by
reacting hydrohalic acid and molecular oxygen over a suitable catajyst. Tho general reaction
can be repressnted by eguation (1)

PAS S ARTRY A T, L S S g (1)
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The process oconrs at a range of temperatures and maole ratios of hydrohalic acid (H3D) and
molecuiar oxygen (On), e, 4:1 to 0.001:1 HX/O,, preferably 4:1 (to it the reaction
stoichiometry), mote preferably 3.5:1 {to prevent eventual HBr breatithrough).

Halogen can be generated using pure oxygen, air, or oxygen-snriched gas, and the
reaction can be run with a variety of inert nooreacting gases such as nitrogen, carbon dioxide,
argon, helivm, and water steam being present. Any proportion of these gases can be
combined as pure gases or selected mixtures thereof, to sccommeodate procsss reguirements,

10077 A number of materials have been identified as halogen generation catalysts, Itig
possible to uge one type of catalyst or 2 combination of any mumber, configuration, or
proportion of catalysts, Oxides, halides, smd/or oxy-hatides of one or more metals, soch as
Cu, Ag, Au, Fe, Co, Ni, Mn, Ce, V, Nb, Mo, Pd, Ta, or W are representative, more preferably
Mg, Ca, Sr, Ba, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, or Ce. The most preferable catalysts are
oxidez, halides, and/or oxy-helides of Cu.

JG0TE] A¥houngh not bound by theory, the following squations are considered
reprezenative of the chemisiry believed to tzke place when such materizls are used to

faant

catalyze halogen formstion:

Cal -+ ZHBr - CaBry + HG {23
CaBr, + 1 02 -3 CaQ -+ Bry (3}

for metal oxides in which the mets] does not change oxidation states, and

CtaGy + BHEr - 3CoBr, + 4,0 + By {4}
3CoBry + 20, =2 Coz04 + 3Bry (53

for metal oxides in which the metal does change oxidation states. The net reaction for (2}
+ {3 and (4) +H3} is (7}

2HBr + %0y ~—222¥ 5 1,0 + Bry (7}

which is equivalent to {1).
In one embodiment of the invention, chlorine is used as the halogenating agent, and
ceria (Cels}) is used to catalyze the generation of chlorine from hydrochloric acid. The

following equations are considered representative:

Ce; + 4HCE =2 Call, +2H0 + Y (83
CeCly + Oy 2 Celn + Ch C)
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for an overall reaction: FHCE + W0,y - HaO + Gl {18y

which is also equivalent to (1),
16079 This use of ceria is quite novel, as it allows essentially complets consuraption of
ECL In contrast, previous reections of metsl oxides, HC, and oxygen have typically vielded
HCYCl; mixtures. Thus, ceriz cen advantageously be emploved zs 2 halogen regensration
catalyet, particularly where chiorine is uged for alkane halogenation, with chloring’s attendant

lower cost and familiarity to industry,

{6080} In one embodiment of the invention, the halopen generation catalyst(s) are
supporisd on porous or nonporous alumina, silica, zirconia, titards or mixtures thersof, or
another suitable support. A range of temperatures can be employed o meximize process
efficiency, e.g., 200-600 °C, more preferably 350-450 °C.

60813 Eecovery and recyele of molecniar hakoren

[oes3} Halbgen generation produces both water and molecnlar halogen. Water can be
separated from halogen and removed before the halogen is reacted with the hydrocarbon
feedstock. Where the halogen is bromine, a bromine-water, Haguid-liquid phase split is
achieved upon condensation of a mixture of these species. For example, in one embodiment
of the invention, & liguid-Houid flash unit is used to separate most of the bromine from water,

- simiply and inexpensively. The bromine phase typically conteing & very small amoant of

water, znd can be sent directly to the bromination reactor, The water phase, however,
contains 1-3 wi% bromine. However, if air is used in the bromine generation step, nitrogen
and unconverted oxygen are present with the bromine and water streary that enters the fiagh,

{0083] The gas leaving the flash wnit primarily coneiste of ndtrogen and unconverted
oxygen, but carries with it some bromine and water. The amount of bromine leaving with the
vapor phase depends on the temperature and pressure of the flash. The flash can be operated
at temperatures ranging from 0 to 50 °C; however, 2 lower temperature (ca 2 ° 10 °C) is
preferred to reduce bromine leaving in the vapor stream. The vapor streamn is sent to the
bromine scavenging section for bromine recovery. In ons embodiment, the operating
pressine is 1 to 50 bar, more preferably 1 to 30 bar, Since water freezes at 0 °C, it is not
possible o substantially reduce the temperature of the flash 19, However, the vapor strgam
from the flash can be contacted with a chilled brine sclution, at temperatures from -30 °C to
10 °C. Chilled brine temperatures lower than that of the flagh can substantially reduce the
bromine scavenging requirement of the scavenging unit. Vaporizing the bromine by heating
the brine can then ocenr, with further heating employed o facilitate concentration of the brins
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for re~use. This approach 1o bromine recovery can bs carried out either continuously or in

baich mode.

[00a4] Bromine contained in the water-rich phase leaving the liguid-liguid Sash can be
sffectively recovered by digtillation. Other means, suck as uging an inert gas to strip the
bromine from the water phase (described by Waycunilis) and adsorpiion-based mothods, ave
not very effective, and potentially can result in g significant loss of bromineg. The presently
described distillation subprocess produces bromine or bromine-weater azeoirops as a distillate,
which is recycled back 10 the fiash unit. Water is contained in the bottoms siveam. Bromine
can react reversilily with water to form small amounts of HBr and HOBr. In the distiBlation
scheme, therefore, ppm levels of HBr (and/or HOB) can be present in the bottoms stresm, A
side~stream rectifier or stripper can be utilized to reduce the bromine content of the botioms
stream to produce a purs water stream, Other alternatives that can reduce the bromine content
of the water to below 10 ppm range include, but are not Bmited to, the addition of acids such
ae sulfurie zeid, hydrochioric acid, and phosphoric acid, in very small guantities o reduce the
pH of the water stream. Lowering the pH drives the HBr and HOBr strear back to bromine
and water, thereby substantially reducing the loss of bromine in the water stream. HBr
present in the water stream can also be recovered using ion-exchangs Tesins of
electrochemical means.

{0085) Eecovery of sl kalowen for reuse, For both economic and environrhents)
reasons, it is preferred to minimize, if not completsly eliminate, loss of halogen utitized in the’
overafl process, Moelecular bromine has the potential to leave with vented nitrogen and
unconverted oxygen i it is not captured afier Br; generation. Bromine scavenging can be
carried out in a bed containing solid CuBr or MnBr,, either loaded on o support or used in
powder form, 10 capture Bry from a gas stream that may also contain F.0, COs, Oy, methane
&Jor Nz, In one embodiment of the invention, bromine scavenging is performed within a
range of temperntures, i.e., from -10 ° to 200 °C. When twomine scavenging is complete,
molecular bromine can be reieased fom the bed by raising the temperature of the bed to 220
° or higher, preferably above 275 °C. 1t is imnportant that there be little if any O; in the bed
during bromine release, as O; will oxidize the metal and, over time, reduce the Bmmine—
scavenging capacity of the bed.

{80386] Construction of critical process elements with unigue corrosion-resistaps

maierials

fG08BT] Corrogion induced by any halogen-containing process, whether in the condensed
phase or the vapor phase, presents a significant challenge in the selection of durable materials
for the construction of reactors, piping, and ancillary equipment. Ceramics, such as alurning,
zirconia, and silicon carbides, offer exosptional corrosion resjgtance 16 most conditions

encountered in the process described hersin, However, cerarmics suffer from & namber of
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disadvantages, including lack of structural strength under 1engile strain, difficulty in
completsly containing gas phase reactions (due to diffusion or mags transport along jointing
surfaces), and possibly undesirable (hermeal transport characteristics inherent it most ceramic
materials, Constructing durable, gaé-tighg and corrosion recistant process contro! equiprnent
(i.e. shell and tube type heat-exchangers, valves, pumips, otc.), for operation at elevated
temperatures and pressures, and over extendad periods of time, will likely reguive the use of
formable metals such as Au, Ce, Cr, Fe, Nb, Ni, Pt, Ta, Ti, and/ or Zr, or alloys of these base
metals containing elements such as Al, B, C, Co, Cr, Cu, Fe, H, Ha, La, Mn, Mo, N, Nb, Ni,
O,P, P4, 8,5, 80, Ta, T, ¥V, W, Y, and/or Zr.

[0688] According fo one embodiment of the invention, the process and subprocesses
daseribed herein are carried out in reactors, piping, and ancillary equipment that are both
swong enough and sufficiently corrogion-vesistant to aflow long-term continved operation,
Selection of appropriate materials of construction depends stronply on the temperature and
enviromment of exposure for each process control comnponent.

[6689] Suitable materials for components exposed to cyolic conditions (e.g. oxidizing and
reducing), as compared (o single conditions (oxidizing or reducing), will differ greathy,
Nonlimiting examples of materials identified as suitable for exposure to cyclic conditions,
operating in the temperature range of from 150-550 °C, mclude An and alloys of T and i,
with the most suitable being AVV alloyed Ti {more specifically Ti Grd-5) and Ni-Cr-Mo
alloys with high Cr, low Fe, and low C content (mors specifically ALLCORR®, Alloy 58, C-
22, 615, and X)), Nonlimiting examples of materials identified ag suitable for exposure to
either acid halide to air, or molecular halogen to air cyclic conditions, in the temperature
range 130-550 °C, either acid halide to air, or molecular halogen to air include alloys of Fe
and Wi, with the most suttable being alloys of the Ni-Cr-Mo, and Ni-Mo families.
Nonlimiting exarnples of materials identified as suitable for single environment conditions, in
the temperature range 100°C-550°C, inshide Te, Au, and alioys of Fe, Co, and Ni. For lower
temperature conditions (<280°C), suitsble polymer linings can be utilized such as PTFE,
FEP, and more suitably PVDF. All materials may be used independently or in conjunciion
with a support material such as coating, cladding, or chemdical/physical depaosition on a
suitable low-cost material such as low-alioy sieels.

180546} Figure 6 schematically illustrates an alternaie mode of operation for a continuous
process for converting methane, natoral gas, or other allkane feedstocks into higher
hydrocatbony., Alkanes are brominated in the bromination section in the presence of water
formed during bromine generation, including recycled water. The bromination products pass
either through a reproportionation reactor or through the reproportionation section of the
bromination reactor, where the light gases are reproportionated io form olefins and atkyl
bromides by using the polybromides as brominating agents. The reproportionation products,
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which inciude olefins, alkyl monobromides, some polybromides, and HBr, along with any
unreacted allkanes, ave then gent to the coupling reactor. The voupling products are zent to 2
vapor-Houid-liquid flash, Higher hydrocarbon products are removed 88 an organic phase
from the vapor-lquid-tiguid flash, while sauecus HBr is removed as the heavier phase, The
gas stream from the flesh is sent to a separation system to recover methane and light gases,
which are recycled back to the bromination and reproportionation sections, respectively.

G091 Witrogen must be removed from the gas recycle stream if air is used as an oxidant
in bromine generation. The agueous HBr stzeam coming out of the vepor-liguid-liguid flash
is sent to the HBr/water separation system, where water is recovered. The separation ¢an be
carried out in a distillation colurmn, where pure water is taken out as a distillate and the
bottoms stream is an agquecus solution of HBr (having a higher concentration of HBr than the
foed to the distillation column). The aguesus HBr stream is sent back to the bromine
generation section, where bromine is generated from agueous HBr in the presence of atr or

oxygen.

60952} Alterpatively, extractive distillation is used to separate HBr Hom water. The
separated HBr is sent fo the bromine generation resctor and bromine is generated fom
agquents HBr in the presence of air or oxygen. Complete conversion of HBr is not necessary
in the bromine generation reactor. Pericdic decoking can be carried ot for the bromination,
reproportionation, and/or coupling resctors, with the bromine-containing decoking product
stream being routed o the bronyine generation reactor.

00931 Anether contirmous process alternative is shown in FIG, 7. Alkanes are
brominsted in the bromination section in the presence of water formed during bromine
penerstion, including recycled water. The bromination products (which include
monobromides and polybromides) pass through sither a reproportionation reactor or the
reproportionation section of the bromination reactor, where the light gases are
reproportionated to form alkyl bromides, using the polybromides as brominating agents. The
reproportionation products — alkyl monobremides, olefing, a small amount of polybromides,
and HBr -~ and any unreacted alkanes are then sent to a separation unit where agueous FiBr is
separgted from the alkyl bromides. Monobromides in the allkyl bromide stream are separated
from the polybromides. The polybromides are recycled to the reproportionation section
whers polyvbromides react with the recycle gases to form olefins and monobrommdes.

[LE Y] The agqueous HBr separation from the alkyl bromides can be carried ont in a2
digtillation column coupled with a liguid-liquid flash. The alkyl bromide stream can contain
HBr. The monobromides are fed into the coupling section, and the producis sre sent o a
water absorplion coluran where HBr produced in the coupling reactor {s removed from the
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products and unconverted gas. The liquid outlet of the absorption column is fed to a vapor-
liguid-liquid flash separation unit, whers higher hydrocarbon products are rensoved as an
organic phase and aqueous HBr is removed as the heavier phase. The gas outlet from the
abzospiion colunn is sent to 2 separation system to separate methane Bom the light gases.
The recovered methane is recyeled back to the bromination section, while the light gases are

recycled to the reproportionation section.

[060s] Nitrogen raust be separated before the gases ave recycled if air is used as an
oxidant in bromine generation. The agueous HBr stream from the vapor-Houid-Houid flash is
combined with the aguecus HBr stressm from the alky] bromide separation section and sent to
the HBr/Water separation system. The separation can be carried out in a distiliation echirnn,
where pure water is taken out as a distillate snd the bottoms stream is an aqueous solution of
HBr having & higher concesitration of HBr cempared with the feed o the distillation column.
The agueons HBr stream is sent back to the bromine generation section, where bromine is
generated from agueous HBr in the presence of air, oxygen or enriched air.

1460961 Alternatively, exiractive distillation is used fo separate HBr from water. The
separated HBr is sent fo the broming generation reactor, where bromine is generated from
aqueous HBr in the presence of air, oxygen, or enriched air. Compilete conversion of HBr io
bromine is not required during bromine generation. Periodic decoking of the bromination,
reproportionation and coupling reactors can be carried out, with the bromine-containing
decoking product stream being rowted to the bromine generation reactor.
{00971 The following are nonlimiting exarnples of the invention and various subprocesses
for practicing the invention.
[¢098] ample 1. B ronation of ibio g Wit DENe
[6089]  Methane (11 scomn, 1 atm) was combined with nitrogen (15 scem, 1 atm) at room
temperature via a mixing tee and passed throngh a room temperature bubbler full of bromine.
The CHy/N/Br; mbxivre was plumbed into 2 preheated glass mbe at 500 °C, and bromination
of the methane took piace with a residence time ("t") of 60 seconds, producing primarily
bromornethane, dibromomethane, and HBr. The stream of nitvogen, HBr, and partialiy
brominated hydrocarbon was combined with propane (0.75 scem, 1 atm) in 2 mixing tee and
passed into a second glass resctor tube at 525 °C with a residence time ("""} of 60 8, I the
second reactor tube, polybrominated kydrocarbons (e, CH:Bry, CHBr) react with the
propane to prodace bromopropanes. The reproportionation is ideslized by the following
reaction,

CH:Bry + Cgf{g —» CH3Br + CH.Br
As products Jef! the second resctor, they were collecied by 8 seriss of traps containing 4 J/
NaOH (which neutralized the HBr) and hexadecane {(containing octadecane as an internal
standard) to dissolve as much of the hydrocarbon products as possible, Volatile components
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like methene snd propane wers collected In & gas bag after the HBr/hydrocarbon traps. All
preducts were quantified by gas chromatography. The results ("Ex. 1Y) are summarized in
Table 1. Bor corriparisoa, the reactions were also ran with rtwo reegiors, but without
reproportonation with propane ("Control A"}, and with only the fiest reactor and without
propans ("Control B"). ‘

Table 1. Reprovortionation of Dibromomethane

Ex. 1
{(bromimation/ Conirol A Control B
reproportionation) {bromination} {bromination}
Brominaion te 60 50 &6
Reproportionation tm, 60 &0 O
CH., conversion 40% 1% 45%
CH,Br/(CH:Br+CH,Bry) 93% . 84% 74%
Caky conversion 85% N/A /A
Carbon belance 96% 97% S6%%

{00104¢]

[6010Y] 20 mi stock HBr agueous solution were added to 20 g CaBr.H.O followed by
heating to 70 °C. A significant evolution of HBr gas was observed (determined by AgNO;
precipitation and the WH; fuming test). The released HEr was not quantified as the reaction
was carried out in zn open vessel.

[G01021 Example 3. Separation of Aunhydrous HBr

{09103] Dehydration with H,50, was attemapted by adding a conc. solution of HaS80u ¢
HEBr. Qualitative tests wers conducted in which different concentration of H,80, were addsed
to HBr for detecrnination of the threshold concentration where oxidation of HBr no longer

COCUrs;
2HBr + H. 804 ¥ Bry + SO; +2H,0.

[98104] It was detenmined that the HaSO, concentration below which no oxidation is
apparent 15 ~ 70 wi.%. 30 ml 70 % B:S0, wes added to 30 ml stock HBr azeotrope (48 wt. %)
and the mixture was hieated to boiling. The HBr content was determined quantitatively by
AgNC; precipitation and gravimetric determination of AgBr from a solution aliquot at the
moment of mixing, after 15 min and after 30 min. boiling,

(001657 Bxample 4. Metathesis of Brominated Methane sver Selecied Catajvsts
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[60108] A soriss of experiments were conducted in which methane was brominated ina
manner substantially the same as or similar to that described in Example 1 (10 scom methane
bubbled through room temperatre bromine, followed by passage of the mixtore through 2
reactor tube heated to 500°C), and the bromination products were then passed over various
metal-ion excheanged or impregrated zoolite catalysts, at aimospheric pressure (total

pressure}, at a temperature of from 350 o 450 °C, with 2 residence time of 40 seconds, Table
2 summarizey the distribution of metathesis products. Catalysts are dencted by metal jon
(2.5, Ba, Co, Mn, etc.) and by type of Zeolyst Int'l. zeolite (e.g., 5524, 58, 8014, eic.). The
mass {mg} of ezch product, as well a5 the total mass of proxducts is given for each ren, The
abbreviations, B, PhBr, T, X, and M refer to benzene, phenyl bromide, toluene, xviene, and

mesitylens, respeatively.

[08107] Table 2. Metathesis of Brominated Methane Over Selected Catalysts,
Total
T(C) Catalyst B Phir T X M {mg}
350 Ba 5524 0.25 0.00 0.96 2.58 314 6.93
350 Ba 58 8.31 0.00 1.48 3.20 3.1 811
350 Ba 8014 0.30 0.00 1.30 Z.87 3.15 7.60
350 Ca 58 0.20 0.00 0.81 2.44 3.09 6.53
356G Co 2314 122 0.02 3.05 2,18 0.56 7.04
350 Co 3024 0.36 0.06 2.06 421 3.47 1010
350 Co 58 0.20 0.00 1.05 2.91 3.34 7.50
350 Mg 3024 031 0.00 1.53 3.59 3.89 5.32
330 Mg 58 G.28 0.00 141 336 3.43 §.42
350 Mn 2314 107 .03 2.86 226 0.65 6.86
350 Mn 3024 0.53 0.00 2.92 4,80 3.02 11.27
350 Wn 58 017 0.00 0.88 2.70 3.62 7.37
350 Niz2314 112 0.05 2.84 2.44 0.74 7.2%
350 Ni3oz4 061 0.06 2.82 3.83 .13 843
375 Ba 5524 Q.32 0.00 1.32 2.82 2.57 7.04
375 Ba 58 0.40 0.80 1.84 293 2.40 7.57
375 Ba 8014 0.32 0.00 1.23 2.84 2.95 7.34
375 Ca 58 0.20 0.60 0.96 2.35 2.53 6.64
375 Co 3024 0.47 0.00 2.30 3.52 2.18 8.48
315 Co 58 0.30 0.00 1.54 2.83 2.42 7.10
373 Mg 3024 0.37 0.00 181 3.26 2.78 8.22
375 Mg 58 0.34 0.060 1.67 3.04 z.74 7.80
375 Mn 3024 0.62 0.00 2.91 3.90 217 9.5¢
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375
375
400
400
400
400
400
400
400
450
400
400
400
400¢
400
400
400
400
425
425
425
425
4235
425
425
425
425
425
425
425
425
425
425
450
450
450
450
450

Mn 58
Pd 2314
Ba 5524
Ba 58
HBa BO14
Ca 58
Co 3024
Co 58
ivig 3024
Mg 58
Mn 3024
Mn 58
Ni3624
Pb 2314
Pb 3024
Pd 2214
Sr2314
Sr 3024
Ag 3024
Ap 8014
Ba 5524
Ba 58
Bi 2314
Co 2314
Co 3024
Ca23l4
Li 5524
My 3024
Mg 58
Min 3024
Mo 2314
Mi 3024
Sr 3024
Ag 3024
Bi23i4
Ca 2314
Co 2314
Cu 2314

Q.22

“1.54

0.46
0.70
0.38
.41

0.78
0.62
0.76
6.71
0.98
6.48
G.81
1.20
1.07
2.44
2,13
1,93
2779
3.09
0.54
079
3.13
3.39
1.07
2.89
1.51
0.9%
0.81

1.22
3.06
.97
2.53
3.84
3.20
3.64

A1
e, L

3.65

0,00
0.60
0.00
0.00
0.00
0.60
0.00
0.00
0.00
0.00
0.00
0.00
o.00
0.03
0.04
0.00
0.01
0.05
0.02
0.02
.00
0.00
0.03
0.03
0.00
0.02
0.04
0.00
0.00
.00
0.04
0.00
G.02
0.02
0.01
0.62
0.01
0.00

118
310
237
3.15
1.37
1.89
3.42
2.71
3.26
3.04
4.10
2.26
3.15
3.25

277
3.16

e d

4.05
4.43
4.16
2.52
267
3.00
4.47
4.34
342
4.74
3.31
3.28
2.62
3.80
4.02
338
4.36
4.27
3.59
4.10
3.77
4,30

26-

S 27

1.83
4.16
391
3.81
3.43
4.14
3.36
4.11
3.74
4.38
3.44
3.35
3.27
3.63
1.22
2.29
2.67
1.78
1.09
3.67
Z.54
1.61
1.59
2.7%
.13
3.27
2.85
216
3.01
1.46
2.85
222

1.36

0.67
1.00
.77

1.10

2.83
0.37
2.95
2,70
377
2.81
2.26
2.31

2.64

2.59
206
2.G4
1.72
1.20
1.66
8,18
0.46
0.65
0.29
0.16
2.33
1.75
0.23
.25
1.09
8.37
112
1.37
1,11
1.14
(.24
1.32
0.43
0.18
0.66
.16
0.08

G.14

6.94
5.85
2.54
10.47
853
8.54
i0.60
8.99
10.76
1808
11.52
8.82
8.04
8.94
9.17
7.0%
8.94
9.32
9.04
7.88
822
8.48
.48
2.60
8.328
1315
9.24
B.48
6.70
8.27
§.82
8.51
8.56

- 9.67

8.23
g.22
875
2.19
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450 Fe23i4 442 .62 3.43 0.74 .09 2.69
450 Fe 3024 3.61 0.01 2.6 0.63 .08 7.28
450 Fe 5524 3.59 .03 363 .85 0.11 8.60
£50 122314 343 0.01 3.81 .87 .12 8.29
450 Ligoi4 174 0.02 2.61 2.67 (.84 7.85
450 Mg 2314 420 0.02 3.84 4.76 (.10 g.92
450 Mn 2314 3.78 0.02 3.90 (.88 G.12 8.70
450 Mo 2314 3.88 0.01 3.26 0.58 0.66 7.79
430 WiZ3l4 439 0.01 3.12 0.44 0.03 8.00
450 Pb 2314 258 £.01 4.68 2.31 0.45 10.02
450 Pb 3024 2.08 0.01 444 287 6.1 110
450 Pb 5524 189 0.02 3.58 2.7 8.73 8.53
450 Pd 23i4 4.03 0.00 1.58 0.14 .00 576
430 Sr23i4 371 0.60 4.78 1.68 321 10.39
450 5r3024 2,51 0.01 3.76 1.61 0.26 8.14

(861681 EBxample 5. Hvdrodehslogenation of Bromobenzene, and Catalyst Regensration

[00169] A test solution (L.53mb/br), which inctudes 1.9wt%% bromobenzene (Phir}
disgolved in dodesane, diluied by Nz (1. Limi/min) was fed into & tbular quaris reactor in
which 3.6g of highly dispersed precious metal catalyst (Pd/AlOs, (.5w1 %) was loaded. The
reaction was carried out at 325 °C with a residence time of 158, The reaction effluent was -
trapped it & bubbler with 8ml 40 NaOH sclution pre-added. The carrier gas as well as the
gaseouns product were collected in a gas bag. All of the carbon-based products in the gas
phase and oil phase in the liguid product were subjected to GC analysis. For the base trap
solution, the HBr concentration was measursd with an lon-selective elecirode. Based on all
of these measurements, carbon and bromine balances were calculated,

[60110]  The experiment was continuously run for over 300 hours unifl the conversion of
PhBr dropped from 100% in the initial 70 hrs to below 30% (Fig. 8). Hydrodebromination of
PhBr took place over the catalyst bed with the formation of benzene ("BZ™) and HBr as the
major producis, accompanied with some light hydrocarbons (C3-Cr) being detected as
byproducts, which originated from solvent decomposition. Carbon deposttion was
recognized as the primary reason for deactivation of the catalyst. The catalyst proved to be
re~-generable via decoldng at 500 °C with O, oxidation {(Sml/min} for 10 hrs, followed by Hy
reduction (20ml/min) at 400 °C for 3hrs. The regenerated catalyet was identfified to be as
effective as the fresh catalyet, ag confirmed by its ability to catalyze the same
hydrodebromination resction withouf activily ioss in the first 70 hours (Fig. 2).
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[@0:31] The invention has been deswribed with references o various examplss and
preforred embodiments, but is not lmifed thereto. Other modifications and equivalent
arrangements, apparent t0 a skilled person upon consideration of this disclosure, are also
incheded within the scope of the invention. For example, in an alternzte embodiment of the
inventior, the products 25 from the bromine generation reactor are fed divestly into the
bromination reactor 3. The advantage of such a configuration is in eliminating the Emmine
holdup needed in the flagh unit 27, thereby reducing the handling of liguid bromnine.  Also, by
eliminsting the bromins scavenging section including units 26, 27, 31 and 34, the capital cost
for the process can be reduced significantly. For energy efficiency, it is desirable to have the
outiet of bromine generation be equal to the bromination temperature. For bromine
generation, cerfumebased catalysts are thevefore preferred over coppar-based catalysts in this
embodiment, since cerfurn bromide has a higher melting point {722 °C) than copper (D
bromide (504 °C). The presence of oxygen in bromination and coupling reduces the
selectivity to the desired producis; therefore, the bromine generation reactor must consume
afl of the oxygen in the feed. In this embodiment, the monobromide separation 8 must be
modified to remove water using a Hanid-Hguid split on the bottorng siream of the distillation
coluran 51, The water removed in the Houid-liauid spit containg HBr, which can be removed
From water using extractive digtillation {(see, oz, FIG. 5}, and then recyeled back to the

bromine generation seotion.

{00112} Still other modifications are within the scope of the invention, which is Lmited
only by the accompenying claims end their equivalents.
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‘What is claimed is:

1. A method comprising:
providing a halogen stream;
providing a first alkane stream;

reacting at least a portion of the halogen stream with at least a portion of the first
alkane stream to form a halogenated stream, wherein the halogenated stream comprises alkyl

monohaiides, alky! polyhalides, and a hydrogen halide;
providing a second alkane stream;

reacting at least a portion of the second alkane stream with at least a portion of the

alky! polyhalides to create at least some additional alkyl monohalides; and

contacting at least some of the alkyl monohalides and at least some of the
additional alkyl monohalides with a catalyst to form a product stream that comprises higher

hydrocarbons and hydrogen halide.
2. The method of claim 1 further comprising:
separating the hydrogen halide from the product stream; and

reacting the hydrogen halide with a source of oxygen to regenerate the halogen

stream.

3. The method of claim 2, wherein hydrogen halide is reacted with the source of

oxygen in the presence of a cerium oxide catalyst.

4, The method of claim 1 wherein the reacting at least a portion of a halogen stream
with at least a portion of the first alkane stream occurs in & first zone of a reactor vessel and the
reacting at least a portion of the second alkane stream with at least a portion of the alkyl

polyhalides occurs in a second zone of the reactor vessel.
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5. The method of claim 4 wherein the first zone of the reactor vessel is upstream of

the second zone of the reactor vessel.

6. The method of claim 1 where the reacting at least a portion of the halogen stream

with at least a portion of the first alkane stream occurs in the presence of a halogenation catalyst.

7. The method of claim 6 wherein the halogenation catalyst comprises at least one
catalyst selected from the group consisting of: a zeolite, an amorphous alumino-silicate, an acidic
zirconia, & tungstate, a solid phosphoric acid, a metal oxide, a mixed metal oxide, a metal halide,

and & mixed metatl halide.

8. The method of claim 2 wherein the reacting at least a portion of the halogen
stream with at least a portion of the first alkane stream occurs in a plurality of reactors, wherein

‘at least one of the plurality of reactors is operating at all times.

9. The method of claim 8§ wherein one of the plurality of reactors undergoes
decoking by introduction of an oxygen source to produce a decoking product, wherein the
decoking product is combined with the hydrogen halide before reacting the hydrogen halide with

a source of oxygen.
10, The method of claim 1 further comprising:

contacting the at least some of the alkyl monohalides and at least some of the
additional alkyl monchalides with an isomerization catalyst to create an isomerized stream. prior

to contacting the isomerized stream with the catalyst to form the product stream.
11. The method of claim 1 further comprising:

contacting the product stream with a hydrodehalogenation catalyst to create a

dehaiogenated product siream and hydrogen halide.

12. The method of claim 11 wherein the hydrodehalogenation catalyst comprises at
least one active component selected from the group consisting of: copper, copper oxide,
paliadivm, and platinum, and supported on at least one material selected from the group

consisting of: an active carbon, an alumina, a silica, and a zeolite.
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13.  The method of claim 1 wherein the catalyst comprises an ion exchanged zeolite,
wherein the ion comprises at least one ion selected from the group consisting of: a Ag ion, a Ba
ion, a Bi ion, a Ca ion, an Fe ion, a Li ion, 8 Mg ion, a Srion, a K ion, a Na ion, a Rb 1on, a Mn

ion, a Co ion, 2 Niion, a Cu ion, a Ru ion, a Pb ion, a Pd ion, 2 Pt ion, and a Ce 10n.
14. A system for forming hydrocarbons comprising:

a halogenation reactor, wherein the halogenation reactor receives a quantity of
halide and a first quantity of alkane and produces a halogenated product, the halogenated product

comprising an alkyl monohalide product and an alkyl polyhalide product;

a reproportionation reactor, wherein the reproportionation reactor receives the
halogenated product and a second quantity of alkane and produces at least some additional alkyl

monohalide product and a quantity of hydrogen halide; and

an oligomerization reactor comprising a catalyst, wherein the oligomerization
reactor receives the alkyl monohalide product and the additional alkyl monohalide product and

produces a quantity of hydrocarbon product and a second quantity of hydrogen halide.
15.  The system of claim 14 further comprising:

a separator, wherein the separator receives the quantity of hydrocarbon product,
the quantity of hydrogen halide, and the second guantity of hydrogen halide and produces an aci

stream comprising substantially all of the hydrogen halide and a gas stream containing

substantially all of the hydrocarbon product; and

an oxidation reactor, wherein the oxidation reactor receives the acid stream and a

quantity of oxygen source material and produces at least a quantity of haJoger.

16.  The system of claim 14 wherein the halogenation reactor is located in a first zone
of a reactor vessel and the reproportionation reactor is located in a second zone of the reactor

vessel.

17. The system of claim 16 wherein the first zone is located upstream of the second

Z0ne.
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18.  The system of claim 15 further comprising:

a dehydrohalogenation reactor comprising a dehydrohalogenation catalyst,
wherein the dehydrohalogenation reactor receives the gas stream containing substantially all of
the hydrocarbon product and produces a dehalogenated gas stream and a third quantity of

hvdrogen halide.
19.  The system of claim 14 further comprising:

an isomerization reactor comprising an isomerization catalyst, wherein the
isomerization reactor receives the additional alkyl monohalide product and produces an

. isomerized alkyl monohalide that is transported to the oligomerization reactor.
20. The system of claim 14 wherein the halogenation reactor contains a catalyst.

21.  The system of claim 20 wherein the halogenation catalyst comprises at least one
catalyst selected from the group consisting of: a zeolite, an amorphous alumino-silicate, an acidic
zirconia, a tungstate, a solid phosphoric acid, a metal oxide, a mixed metal oxide, a metal halide,

and a mixed meta! halide.

22.  The system of claim 14 wherein the oligomerization reactor is operated at a

temperature of between about 150 °C to about 600 °C.,

23.  The system of claim 14 wherein at least one of the halogenation reactor, the
reproportionation reactor, and the oligomerization reactor comprises at least one material of
construction selected from the group consisting of: Au, Co, Cr, Fe, Nb, Ni, Pt, Ta, Ti, Zr, and

alioys of these base metals.

24.  The system of claim 14 wherein at least one of the halogenation reactor, the
reproportionation reactor, and the oligomerization reactor comprises a fixed bed reactor or a

fluidized bed reactor.

25. A method comprising:
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providing an alkyl halide stream comprising alkyl monohalides, alkyl polyhalides,

and a hydrogen halide;
providing a first alkane stream;

reacting at least a portion of the first alkane stream with at least a portion of the

allcyl halide stream to create at least some additional alkyl monohalides;

contacting at least some of the alkyl monohalides and at least some of the

additional alkyl monohalides with a catalyst to form a product stream that comprises higher

hydrocarbons, hydrogen halide, and any unreacted portion of the first alkane stream;

~ separating the unreacted portion of the first alkane stream from the product

stream;
providing a halogen stream; and

reacting at least some of the unreacted portion of the first alkane stream separated

from the product stream with the halogen to form the alkyl halide stream.
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